Francisco. Being a clinician with particular interest in reproduction, she has focused her research on human implantation and several factors affecting that process, particularly environmental, and biomarkers of uterine receptivity, as well as endometrial dysfunction in women with unexplained infertility and endometriosis.
Introduction
There are increasing data to support adverse effects on human reproductive health by environmental contaminants and especially endocrine-disrupting chemicals (Diamanti-Kandarakis et al., 2009; Giudice, 2006) . Bisphenol A (BPA) is an industrial chemical, a xenobiotic oestrogen and a known endocrine-disrupting chemical. It is widely distributed and is found in water pipes, polycarbonate plastics, metal cans, plastic bottles and baby toys, computers, cell phones and dental sealants (NTP, 2008; vom Saal and Hughes, 2005) . Recent data show that nearly every person in the USA is exposed to BPA (Calafat et al., 2005 (Calafat et al., , 2008 Lang et al., 2008; vom Saal and Hughes, 2005) and that it can be passed transplacentally (Ikezuki et al., 2002; Schonfelder et al., 2002) . Serum concentrations of BPA in the general population have been reported to be 0.2-20 ng/ml (0.1-10 lmol/l), with the highest concentrations (100 ng/g) found in the placenta (Schonfelder et al., 2002) . Thus, there is nearly ubiquitous exposure to this xenoestrogen that has the potential for action on oestrogen-responsive tissues, including the endometrium.
BPA can exert some of its effects by binding to the nuclear steroid oestrogen receptors a and b, acting as an agonist as well as a selective oestrogen-receptor modulator (Chapin et al., 2008; Lee et al., 2007; Welshons et al., 2006) . BPA selectively binds to oestrogen receptors a and b and has a higher affinity for oestrogen receptor b in select target cells (Han et al., 2002; Lapensee et al., 2009) . BPA may also affect oestrogen receptor b-mediated transcription of target genes by differential degradation of nuclear receptors (Masuyama and Hiramatsu, 2004) . It has also been suggested that endocrine-disrupting chemicals may act with endogenous steroid hormones to induce additive effects in target tissues (Buterin et al., 2006) .
Several groups have reported the effects of BPA on cells and tissues of the reproductive tract in different species, resulting in recurrent miscarriage, decreased semen quality, altered gonadotrophin hormone secretion, early pubertal onset and altered ovarian granulosa steroidogenesis Kwintkiewicz et al., 2010; Oehlmann et al., 2009; Talsness et al., 2009) . Adverse reproductive consequences of low-dose BPA exposure have also been reported on oocyte chromosomal constitution (Hunt et al., 2003; Richter et al., 2007; vom Saal and Hughes, 2005) . The study centre has recently shown that BPA inhibits FSH-stimulated insulin-like growth factor-I, aromatase and oestradiol synthesis in human primary and immortalized granulosa cells (Kwintkiewicz et al., 2010) . While the BPA effect on human spermatozoa in in-vitro studies was less evident (Luconi et al., 2001) , male offspring of rats exposed perinatally to BPA had decreased sperm count and motility, resulting in reduced fertility (Salian et al., 2009) . Exposure of mice to low BPA doses (0.5-5.0 mg/kg) increased HOXA10 protein expression in the uterus, indicating that HOX genes are common targets for this xenobiotic oestrogen (Smith and Taylor, 2007) . A preliminary communication reported that urinary BPA concentrations are inversely associated with the number of retrieved oocytes and peak oestradiol concentrations in women undergoing IVF and embryo transfer (Mok-Lin et al., 2010) and higher serum BPA concentrations have been found in infertile women who did not become pregnant after IVF treatment (Lamb et al., 2008) . The latter may be due to a detrimental effect of BPA on ovarian function (decreased production of oestrogen by granulosa cells; Kwintkiewicz et al., 2010) or it may reflect a direct effect of BPA compromising endometrial development and preparation for blastocyst nidation. Since the human endometrial stromal fibroblast (ESF) plays a major role in endometrial receptivity, embryonic implantation and sustained pregnancy, the current study has evaluated the effects of BPA on the expression of several genes involved in oestrogen metabolism, as well as on human ESF differentiation.
Materials and methods

Subjects
Endometrial biopsies were obtained from eight subjects undergoing hysterectomy for benign conditions such as fibroids and pelvic organ prolapse (Table 1) . None had endometriosis or adenomyosis by direct visualization at surgery or on pathology reports of hysterectomy specimens. The participating subjects were 36-49 years old (mean 43.6 ± 1.85), not pregnant and had not been on any hormonal medication within 3 months before surgery. The study was approved by the UCSF Committee on Human Research. Written informed consent was obtained from all participating subjects. Samples were also obtained through the UCSF NIH Human Endometrial Tissue and DNA Bank with appropriate institutional review, approvals and written informed consent from all participating subjects.
Isolation and culture of human ESF
Human ESF were isolated from eight hysterectomy specimens, as described elsewhere (Aghajanova et al., 2009 (Aghajanova et al., , 2010 . Cells were cultured and propagated in DMEM/MCDB-105 medium containing 10% charcoal-stripped fetal bovine serum (FBS), insulin (5 lg/ml), gentamicin, penicillin and streptomycin (all reagents from SigmaAldrich, St. Louis, USA, unless stated otherwise). At passage 2, cells were plated in 60-mm plates according to the study design (see below), and after cells became near confluent, media were changed to low-serum medium (DMEM/MCDB-105 medium containing ascorbic acid, transferrin and gentamicin with 2% charcoal-stripped FBS) and cultured for 24 h prior to the onset of treatment. Human ESF in duplicate were treated with 5, 25, 50 and 100 lmol/l of BPA with or without 10 nmol/l oestradiol or 0.5 mmol/l 8-br-cAMP or 1 lmol/l oestrogen-receptor antagonist (ICI) for 48 h, with appropriate controls. In order to investigate the potential effect of BPA on the decidualization process, treatment of human ESF with cAMP was started 48 h prior to BPA treatment. BPA doses were selected to cover the 'physiological' serum concentrations detected in the general population (0.1-10 lmol/l; Schonfelder et al., 2002) and concentrations above those. Conditioned medium and cell lysates in RLT lysis buffer containing b-mercaptoethanol (Qiagen, Valencia, USA) were collected for protein concentration and mRNA expression analyses by enzyme-linked immunosorbent assay (ELISA) and real-time reverse-transcription (RT-PCR), respectively.
ELISA
Conditioned media from cultured human ESF were subjected to ELISA to quantify the decidualization markers, insulin-line growth factor binding protein-1 (IGFBP1) and prolactin (PRL), according to the manufacturer's instructions (Alpha Diagnostic, San Antonio, USA and Diagnostic Systems Labs, Webster, USA, respectively). All samples were assayed in duplicate and a standard curve was run in each experiment. Concentrations of IGFBP1 and PRL for each sample were normalized to total RNA. Inter-and intra-assay coefficients of variation for the IGFBP1 ELISA were 5.0-7.4% and 2.4-3.4%, respectively, and for PRL were 6.7-10.4% and 7.8-8.2%, respectively.
RNA isolation and real-time RT-PCR
Total RNA was purified using Qiagen RNeasy Plus Mini kit (Qiagen) according to the manufacturer's instructions. Samples were stored in RNase-free H 2 O and quantified by spectroscopy. The purity was analysed by the 260/280 absorbance ratio and RNA integrity was assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) with RNA integrity number ranging from 9.7-10. For quantitative RT-PCR analysis, 1 lg of RNA was converted to cDNA using the iScript cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, USA). The real-time RT-PCR reaction was carried out for 40 cycles with primers listed in Table 2 .
Bromodeoxyuridine incorporation assay
In order to assess if BPA exposure affects the proliferative capacity of human ESF, cells cultured with and without BPA for 48 h were subjected to a BrdU assay (Roche Diagnostics, Mannheim, Germany). Human ESF from three subjects ( Table 1) were plated in triplicate at 5 · 10 4 cells/well in 96-well plates and serum starved for 24 h before being incubated with or without BPA for 48 h and, in the last 18 h, incubated with bromodeoxyuridine (BrdU). Cell proliferation was measured by colourimetric absorbance of BrdU, according to the manufacturer's instructions, using a 96-well plate reader at 450 nm wavelength (Bio-Rad Laboratories).
TUNEL apoptosis assay
For this assay, human ESF from three subjects ( Table 1) were cultured in duplicate on eight-well chamber slides and treated with or without different BPA concentrations for 48 h. Thereafter media were removed and cells were washed with phosphate-buffered saline (PBS). Cells were None of the patients had endometriosis. BrdU = bromodeoxyuridine incorporation assay; ESE = early secretory endometrium; LSE = late secretory endometrium; PE = proliferative endometrium; TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labelling apoptosis assay. 
Statistical evaluation
Statistical analysis for the ELISA, BrdU proliferation assay and TUNEL assay data was performed using a two-tailed type-3 Student's t-test and for the quantitative RT-PCR the non-parametric Mann Whitney U-test was used. Significance was determined at P 0.05.
Results
Bisphenol A decreases proliferation in human ESF with no effect on apoptosis
To assess if human ESF proliferation potential and apoptosis are affected by exposure to BPA, this study performed BrdU incorporation and TUNEL apoptosis assays ( Figure 1A and B). The data demonstrated that BPA treatment significantly decreased proliferation of human ESF at higher doses (50 and 100 lmol/l; P = 0.036 and P = 0.009, respectively; Figure 1A) . In order to assess if the observed changes in proliferation were associated with cell death (apoptosis), the TUNEL assay was performed in human ESF treated with or without BPA for 48 h ( Figure 1B) , with positive and negative controls. Interestingly, there was no difference in human ESF cell death upon treatment with any BPA concentration used.
Bisphenol A effect on decidualization of human ESF and expression of steroidogenic enzyme and oestrogen-and progesterone-receptor mRNA BPA at low doses (5 and 25 lmol/l) had no effect on the expression of oestrogen receptors a and b, P450scc, CYP19A1, HSD17B1, HSD17B2, PPAR c, IGFBP1, PRL, PRA and PRAB (data not shown). However, BPA significantly induced IGFBP1 mRNA and protein expression at a concentration of 50 lmol/l (P = 0.03 and P = 0.028, respectively); however, it was not able to potentiate the effect of cAMP on IGFBP1 expression (Figure 2A) . BPA alone had no effect on PRL mRNA and protein expression (data not shown). High doses of BPA significantly decreased mRNA expression for P450scc (Cyp11A, the steroidogenic enzyme that converts cholesterol to pregnenolone and initiates the cascade; P = 0.02; Figure 2B ). BPA reversed the cAMP-induced increase in 17b-hydroxysteroid dehydrogenase type 2 (HSD17B2, converting oestradiol to oestrone) and decreased HSD17B2 mRNA expression in a dose-dependent manner at high concentrations (50 and 100 lmol/l). These high doses of BPA also down-regulated 17b-hydroxysteroid dehydrogenase type 1 (HSD17B1) expression (oestrone to oestradiol conversion) to the same extent as cAMP and even potentiated its effect (P = 0.028; Figure 2B) . Surprisingly, BPA had no significant effect on aromatase or PPAR c mRNA expression (data not shown), in contrast to recent data on human granulosa cells (Kwintkiewicz et al. 2010 ). The present study did not observe effects of oestradiol on BPA action, when cells were treated with both agents (data not shown). The oestrogen-receptor antagonist ICI had no effect on gene expression in BPA-treated cells (Figure 2) , suggesting that the BPA effect on the investigated genes in human ESF is not mediated by an oestrogen receptor. However, oestrogen receptor a was significantly down-regulated by BPA at 50 lmol/l (P = 0.028; Figure 2B ). Of note, there was no significant effect of BPA on oestrogen receptor b or on progesterone receptors PRA and PRAB expression ( Figure 2B ).
Discussion
Herein, as far as is known, this study demonstrates for the first time the effect of bisphenol A on human ESF in vitro. It shows that even short-term exposure (48 h) of endometrial stromal cells to BPA significantly decreases cell proliferation and this is not due to increased cell death (no toxic effect of BPA at the concentrations studied). Indeed, its promotion of the decidual phenotype suggests that it acts more like a progestin.
Steroidogenic pathway
This study shows that BPA effects on the steroidogenic pathway in endometrial stromal cells (decreased P450scc) could lead to decreased conversion of cholesterol in the cells towards its first metabolite, pregnenolone, which can lead to decreased production of the hormone that supports implantation and pregnancy -progesterone. Furthermore, even though BPA had no significant effect on aromatase mRNA expression, it decreased the expression of HSD17B1 and HSD17B2, which are involved in the inter-conversion of oestrone and oestradiol. Whether such effects are observed at the endometrial tissue level in vivo is unknown and is worthy of further investigation. Interaction of BPA with oestrogen metabolism may play a role in development or support of already existing oestrogen-dependent disorders, such as leiomyomas or endometriosis. Interestingly, Cobellis et al. (2009) did not detect any bisphenols in the sera from healthy women by HPLC; whereas BPA and its derivative BPB were detected in 63.8% of women with endometriosis, suggesting a relationship between BPA serum concentrations and endometriosis. Additional studies are needed to understand the observed relationship between BPA and endometriosis.
Decidualization
Development of a receptive endometrium to blastocyst nidation and the invasive phase of implantation into the maternal stromal compartment of the endometrium are regulated primarily by oestradiol and progesterone. The present study demonstrates that BPA may trigger differentiation of endometrial stroma even in the absence of decidualization stimuli from the surrounding environment. This can advance the development of endometrial stroma, which will not match the developmental stage of an embryo when it arrives in the uterine cavity, potentially compromising implantation and pregnancy success.
High doses of BPA
The above-mentioned effects on human ESF gene expression were evident upon exposure to higher doses of BPA, 50 and 100 lmol/l, coinciding with the report on the Ishikawa cell line (Naciff et al., 2010) . The latter presented significant changes in global gene expression of Ishikawa cells after 48 h of exposure to 1 nmol/l-100 lmol/l BPA. Interestingly, Fold change to 96h control PRA mRNA Figure 2 (A) Insulin-like growth factor binding protein-1 (IGFBP1) mRNA expression and protein secretion in conditioned medium from human endometrial stromal fibroblasts treated with 0.5 mmol/l cAMP, 50 and 100 lmol/l bisphenol A (BPA) and 1 lmol/l oestrogen receptor antagonist (ICI) for 48 h (n = 6). Asterisks indicate significant differences at P 0.05. Error bars represent SEM.
(B) Real-time reverse-transcription PCR analysis of P450scc, HSD17B1, HSD17B2, oestrogen receptor a, PRA and PRB mRNA in human endometrial stromal fibroblasts treated with 0.5 mmol/l cAMP, 50 and 100 lmol/l BPA and 1 lmol/l ICI for 48 h (n = 6). Asterisks indicate significant differences at P 0.05 (Mann Whitney U-test). Error bars represent SEM. regulated EGR1, MMP10, stanniocalcin 1 (STC1), ALDH1A1, cadherin 18 and IGFBP3 genes, which are known to be expressed in endometrial stromal cells and involved in endometrial physiology (Aghajanova et al., 2010; Talbi et al., 2006) . Moreover, up-regulation in Ishikawa epithelial cells of HOXA10 and osteopontin (Naciff et al., 2010; Smith and Taylor, 2007) , which are important for endometrial receptivity in vivo (Daftary and Taylor, 2001; Lessey, 2002) , is in line with the current finding of IGFBP1 up-regulation by BPA in human endometrial stromal cells at the same concentration. These data support potential effects of high-dose BPA exposure on endometrial maturation and function, with possible consequences on endometrium-embryo communication.
Apoptosis
Consistent with the present observations on the lack of effect of BPA on human ESF survival and viability, Naciff et al. (2010) also did not observe an effect of BPA on Ishikawa epithelial cell apoptosis. Bredhult et al. (2009) showed that primary endometrial endothelial cells upon 24 h of 50 lmol/l BPA exposure had a slight decrease in proliferation, similar to the present findings at 48 h of exposure in human ESF. The mechanism of BPA action is not known with certainty, as its relationship with oestrogen receptors may differ between different species and cell/tissue types. In Ishikawa cells, BPA-mediated HOXA10 induction was blocked by the oestrogen-receptor antagonist ICI (Smith and Taylor, 2007) ; whereas herein, ICI had no effect on BPA-mediated gene expression, suggestive of a non-oestrogen receptor-mediated mechanism of action in this cell type.
Serum BPA and tissue proliferative potential
Based on its common pro-oestrogenic properties, it was anticipated that women with endometrial hyperplasia would have higher serum BPA concentrations compared with healthy controls (Hiroi et al., 2004) . However, BPA serum concentrations in women with simple hyperplasia did not differ from women without hyperplasia (2.9 ± 2.0 versus 2.5 ± 1.5 ng/ml, respectively). Moreover, unexpectedly, BPA serum concentrations in women with complex endometrial hyperplasia with malignant potential and endometrial carcinoma were significantly lower compared with the other two groups (1.4 ± 0.5 ng/ml). These observations are consistent with the present observation of a decreased proliferation potential of BPA-treated human ESF, which, together with the enhanced decidualized phenotype observed herein, suggests a progestational effect of BPA in the endometrium. In neuroblastoma and breast cancer cell lines, BPA promotes cell proliferation (Fernandez and Russo, 2010; Zhu et al., 2009 Zhu et al., , 2010 , indicating a complex and tissue specific effect of BPA.
In a human granulosa cell line and in primary human granulosa cells, BPA inhibited FSH-induced aromatase expression and hence oestradiol synthesis (Kwintkiewicz et al., 2010) . The BPA effect on granulosa cells was mediated by increased expression of PPAR c (Kwintkiewicz et al., 2010) , an effect not observed herein with human ESF. Impaired function of granulosa cells could affect oocyte development and quality and result in dysregulation of steroid hormone-dependent tissues throughout the body, including endometrium. Thus, while the in-vitro evidence in human granulosa and endometrial stromal cells demonstrate impaired steroidogenesis and likely impaired endometrial development, respectively, with a potential influence on oocyte and endometrial quality, recent preliminary clinical data demonstrate a negative correlation between BPA and oestradiol concentrations in human follicular fluid and lower oocyte fertilization rates during IVF treatment (Lamb et al., 2008) . This can reflect the combined effect of BPA on the ovary/oocyte, and potentially on endometrium/endometrial receptivity, contributing to compromised female fertility.
This study has demonstrated effects of BPA at high doses on human ESF proliferation and decidualization. However, before meaningful conclusions could be drawn about whether BPA exposure can alter endometrial function, several issues are worthy of consideration. First, the in-vitro system used herein is a model system without other cell types of the endometrium that communicate in vivo with the human ESF in a changing hormonal milieu. Whether the human ESF would respond similarly with these other cells present and in different hormonal states remains to be determined. Second, most of the effects of BPA on human ESF in vitro were observed at high concentrations -higher than commonly reported in humans. However, repeated exposures to this endocrine-disrupting chemical with a short half-life could increase serum (and perhaps tissue) concentrations to those that have been demonstrated to have similar effects as doses shown herein. Finally, the physiological relevance of effects of BPA on endometrial cells would depend on timing of exposure (in utero, neonatal, adolescent or adult), dose of exposure, duration of exposure and whether other chemicals are concomitantly present. These challenges are best addressed with animal models, although this study's in-vitro system suggests that adult exposure to high concentrations of BPA could advance endometrial stromal differentiation, which could compromise embryo implantation.
